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General introduction 
High-valent metal-oxo complexes are an important class of compounds, since they are found as reactive 
intermediates in substrate oxidation catalyzed by metalloenzymes and artificial metal complexes.1) In the 
investigation on the high-valent metal-oxo (Mn+=O) complexes, a very important question is whether a 
double bond is formed between the metal center and the oxo ligand or the oxo ligand has a radical character 
in the metal-oxyl (M(n–1)+-O•) electronic structure (Figure 1). The radical character of the oxo ligand is 
crucial to consider the reactivity for hydrogen-atom 
abstraction from a substrate or for electrophilic attack on a 
C=C double bond to conduct epoxidation of an olefin. In 
addition, oxidation of aromatic substrates to provide useful 
organic products have been also investigated by using 
metalloenzymes or synthetic transition-metal complexes so 
far, from the aspect of detoxifying harmful chemicals.2), 3) In 
the enzymatic studies, benzene oxidations have been 
proposed to proceed through electrophilic addition to 
aromatic rings by Fe(IV)-oxyl (FeIV-O•) species, an 
electronic equivalent structure of Fe(V)-oxo (FeV=O) 
species.4) 
Among the Mn+=O complexes, RuIV=O complexes have 
been intensively investigated, owing to the high 
performance not only in catalytic oxidation reactions of 
organic substrates but also in those of water molecules.5) 
Despite plenty of studies on the properties and reactivity of 
RuIV=O complexes, RuIII-oxyl (RuIII-O•) complexes, which have a single σ-bond between the Ru center and 
the oxyl ligand and bear an electronically equivalent structure of RuIV=O complexes, have yet to be accessed. 
Generally, an octahedral d4 RuIV ion should form a double bond with an oxo ligand in light of the “oxo wall”, 
which resides between Groups 8 and 9 in the periodic table as proposed and elucidated by Gray and 
co-workers.6) To stabilize the RuIII-O• structure, in other words, to weaken the Ru-O bond, introduction of a 
strong σ-donating ligand at the trans position to the oxo ligand is a promising strategy. N-heterocyclic 
carbene (NHC) is a candidate of such ligands, since NHC ligands in transition-metal complexes are known 
not only to exhibit strong trans influence, but also to assist high thermal stability and oxidative durability of 
the complexes in catalysis.7) 
In this thesis, the author has described a novel methodology to stabilize the RuIII-O• structures with one 
 
Figure 1. a) An order of bond lengths for 
M-O multiple bonds. b) Resonance 
structures and relationships between 
Mn+=O and M(n–1)+-O•. 
or two NHC ligands, and revealed the reactivity of the RuIII-O• complexes in catalytic oxidation of organic 
substrates in water. In addition to the Ru-NHC complexes, Pd-NHC complexes have been applied to 
catalysis for oxidative cracking of benzene rings under mild conditions to afford carboxylic acid such as 
formic acid in water. In the reactions by the Pd complex, the NHC ligand plays a role in stabilization of Pd 
complexes as intermediates in the course of the reaction, allowing us to gain mechanistic insights. 
Results and discussion 
Chapter 2. Redox properties of RuII complexes having two NHC moieties[1] 
[RuII(C^Py^C)(bpy)(MeCN)]2+ (1) 
and [RuIICl(C^Py^C)(bpy)]+ (2) 
(C^Py^C: 2,6-bis(3-isopropylimidazol- 
2-ylidene)methylpyridine, bpy: 2,2’- 
bipyridine) were synthesized by 
reacting [RuIICl2(bpy)(dmso)2] (dmso = 
dimethylsulfoxide) with [AgI- 
(C^Py^C)]Br, which was generated 
in-situ, in CH2Cl2 or MeCN at reflux in 
the dark (Figure 2). Complexes 1 and 2 were characterized by spectroscopic methods and X-ray 
crystallography. The crystal structures of 1 and 2 demonstrated that the coordination manner of the C^Py^C 
ligands was meridional. The bond lengths between the RuII center and each NHC carbon in 1·(PF6)2 are 
2.097(2) and 2.093(2) Å and those in 2·PF6 are 2.1149(19) and 2.0824(19) Å, respectively. 
The redox properties of 1 and 2 in MeCN were investigated at room temperature. The cyclic 
voltammograms (CVs) showed reversible redox waves at E1/2 = +1.01 and –1.49 V vs SCE for 1 and E1/2 = 
+0.62 and –1.52 V for 2. The oxidation waves were assigned as the RuII/RuIII redox couple (vide infra), 
whereas the reduction waves were assigned to the bpy/bpy•– redox couple. These oxidation potentials were 
relatively lower than those for other related RuII complexes having π-expanded NHC analogs8a) or neutral 
polypyridyl ligands.8b) 
Upon addition of [RuIII(bpy)3](ClO4)3 as an oxidant 
to MeCN solutions of 1 and 2, the absorption bands at 
483 nm for 1 and 537 nm for 2 decreased and instead 
new obvious absorption bands arose at 711 nm for 1 
and 600 nm for 2 with an isosbestic points at 363 and 
478 nm for 1 and 497 and 577 nm for 2 (Figure 3). 
Based on the TD-DFT calculations, the absorption band 
at 711 nm for the 1e–-oxidized species of 1 (3) and at ca. 
530 nm for that of 2 (4) were assigned to the 
ligand-to-metal charge transfer (LMCT) transition from 
the NHC ligand to the Ru center. The 1H NMR spectra 
of 3 and 4 showed relatively broad signals in the range 
of –74 to +60 ppm and –40 to +20 ppm, respectively, 
reflecting the paramagnetic characters of 3 and 4. The 
electron paramagnetic resonance (EPR) spectra 
recorded in MeCN at 5 K exhibited rhombic EPR 
signals. The root mean squares of the g values were 
calculated to be 2.382 and 2.343, respectively, which 
were typical for RuIII complexes (S = 1/2). Thus, the 
products of the first oxidation processes of 1 and 2 
should be [RuIII(C^Py^C)(bpy)(NCMe)]3+ (3) and [RuIIICl(C^Py^C)(bpy)]2+ (4), respectively. Thus, it has 
been revealed that the NHC ligand can stabilize high-valent ruthenium complexes by the strong σ-donating 
ability. 
Chapter 3. A RuIII-oxyl complex bearing a strong radical character[2] 
A RuII-Cl complex having 1,3-bis(2-pyridylmethyl)-imidazol-2-ylidene (BPIm) as a ligand, 
 
Figure 2. Synthesis of Ru(C^Py^C)(bpy) complexes, 1 and 2. 
 
Figure 3. UV-Vis spectral changes upon 
addition of [RuIII(bpy)3]3+ to solutions of 1 
(0.1 mM) (a) and 2 (0.1 mM) (b) in MeCN. 
[RuIICl(BPIm)(bpy)]+ (5), was 
prepared by the reaction of 
[AgI(BPIm)]Br with [RuIICl2(bpy)- 
(dmso)2] in CH2Cl2. The complex 5 
was treated with Ag(OTf) in water to 
afford [Ru(BPIm)(bpy)(OH2)]2+ (6). 
The complexes were characterized 
with several spectroscopic methods, 
elemental analysis and X-ray crystallography. The crystal structures of 5 and 6 clarified that the coordination 
manner of the BPIm ligands is facial, which is consistent with the 1H NMR spectra. The strong trans 
influence of the NHC ligand was also clearly reflected on the crystal structure of [5]Cl; the bond distance of 
Ru-Cl in [5]Cl is 2.5250(12) Å, which is longer than those of other RuII-Cl complexes, having a pyridine 
ligand at the trans position of the Cl– ligand.9)  
The redox behavior of 6 in its aqueous solution was investigated at room temperature and the CV 
showed a reversible redox wave at +0.64 V vs SCE and a broad irreversible oxidation wave at +1.4 V vs 
SCE. The first wave was assigned to the redox process to form [RuIII(BPIm)(bpy)(OH2)]3+ (7) in the S = 1/2 
spin state based on 1H NMR and EPR spectroscopies, and X-ray crystallography. Upon addition of 1 equiv 
of (NH4)2[CeIV(NO3)6] (CAN) to an aqueous solution of 6, the growth of an absorption band at 627 nm was 
observed; the new band was assigned to an LMCT one derived from complex 7. Further addition of CAN to 
the solution of 7 induced decrease of the absorption band at 627 nm. The absorbance change was completed 
with addition of over 7 equiv of CAN. The second oxidation was revealed to afford another paramagnetic 
species (8; S = 1), as clarified by 1H NMR spectroscopy (Figure 4). Further characterization of 8 was 
performed with ESI-TOF-MS spectrometry and resonance Raman (rR) spectroscopy (Figure 5a). In the 
ESI-TOF-MS spectrum of 8 formed in H216O, a peak cluster was observed at m/z = 262.01, which was 
assigned to [Ru(O)(BPIm)(bpy)]2+. The peak cluster shifted to m/z = 263.02 for 8 prepared in H218O, 
suggesting that complex 8 has an 
exchangeable oxygen ligand. The rR 
spectrum of 8 exhibited a Raman scattering 
derived from the Ru-16O bond at 732 cm–1 
in H216O, which was shifted to 696 cm–1 in 
H218O as a solvent. The energy value of the 
stretching band of the Ru-O bond was 
significantly lower than those of RuIV=O 
bonds reported to date (ν = 780 – 833 cm–
1).5) Additionally, the bond order of the 
Ru-O bond of 8 in the triplet spin state was 
also estimated to be 1.3 by DFT calculations. 
Therefore, the electronic structure of 8 can be elucidated as the triplet RuIII-O• state rather than a RuIV=O 
state. The valence number of the Ru center in 8 was confirmed by X-ray absorption near-edge structure 
(XANES) spectroscopy (Figure 5b). The XANES spectra of 6, 7, and 8 at the Ru-K edge, the energy shifts at 
the half-height were 1.5 eV from 6 to 7 and 0.5 eV from 7 to 8, which indicates that the valence number of 
the Ru center in 8 should be close to +3 rather than +4 (Figure 4). 
Catalytic reactivity of 6 in oxidation of organic substrates was examined using CAN as a sacrificial 
oxidant in water. This catalytic system can be applied to oxidation of alcohols, benzylic C-H bonds, 
aldehydes and olefins to afford corresponding aldehydes, ketones, carboxylic acids and diols, respectively. 
To gain mechanistic insights into the oxidation process of benzaldehyde, kinetic studies were performed; on 
the basis of the dependence of initial rates (v0) on the concentration of 6, the rate constant of the catalysis, 
kcatH, was determined to be 1.2 M–1 s–1. By using deuterated benzaldehyde, kcatD was also determined to be 
0.15 M–1 s–1. Thus, the kinetic isotope effect (KIE) value (kcatH/kcatD) for the benzaldehyde oxidation was 
determined to be 8.0, indicating that hydrogen-atom transfer (HAT) from the formyl group is involved in the 
rate-determining step. In addition, a Hammett plot was provided using other four benzaldehyde derivatives 
 
Figure 5. a) rR spectra of 8 in H216O (red), H218O (blue) 
and the difference spectrum (black). b) Normalized 
XANES spectra of 6 (blue), 7 (green), 8 (red). 
 
Figure 4. Proton-coupled electron-transfer oxidation of a 
RuII-aqua complex, 6. 
having various substituents at the para position as substrates to demonstrate that there was no dependence of 
the initial rate on the substituents (ρ = –0.07). The results indicate that any polarized transition state, which 
has been suggested for the benzaldehyde oxidation with a RuIV=O complex (ρ = –0.65),10) is not involved in 
the HAT process by 8, and the oxidation of benzaldehyde does not proceed through a nucleophilic pathway. 
In the present catalytic reactions, benzaldehyde derivatives have been oxidized through a pure HAT 
mechanism. Therefore, it has been confirmed that RuIII-O• complex 8 bears a strong oxyl radical character. 
Chapter 4. Catalytic oxidative cracking of benzene rings in water[3][4] 
Complex 6 was applied to oxidative benzene 
cracking (OBC) reactions performed at 283 K under 
Ar in D2O (pD 1.2) using 1 mL of benzene as a 
substrate and CAN as an oxidant (Figure 6). From the 
aqueous phase of the reaction mixture, formic acid 
was observed by several spectroscopic methods and the turnover number (TON) of formic acid formation 
was calculated to be 55 ± 5. In addition, carbon dioxide was also observed in the gaseous phase of the 
reaction mixture with a TON value of 17 ± 6. Formic acid formed in the OBC reaction was efficiently 
converted to dihydrogen as a mixture of H2, HD, and D2 by adding a RhIII catalyst into the reaction solution 
after adjusting the solution pH to be 3. This OBC reaction catalyzed by 6 proceeds without any influence of 
dioxygen, which can promote radical chain reactions. In the use of H218O as a solvent for the catalytic OBC 
reactions under air, HC18O18OH instead of HC16O16OH was observed in the GC-MS analysis. The results 
indicate that the origin of oxygen atoms in the products should be water and the OBC reaction does not 
involve any free radical species. 
The OBC reaction catalyzed by 6 was also applied to other aromatic compounds and in the case of 
ethylbenzene as a substrate, propionic acid as a product as well as formic acid was observed in the aqueous 
phase. In the previous work,[2] ethylbenzene sulfonate was catalytically oxidized into an acetophenone 
derivative by 6 under the same conditions. The sharp contrast between the results using ethylbenzene and its 
sulfonate derivative indicates that the C-H oxidation at the benzylic position proceeds primarily for the 
aromatic substrate having an electron-withdrawing group such as the sulfonate (-SO3–) group on the aromatic 
ring rather than the cracking of the benzene ring. The total efficiencies of the OBC reactions are dependent 
on the Hammett parameters of the substituents of the substrates and a linear correlation was observed with a 
slope of –1.41 in the Hammett plot, confirming that the OBC reactions proceed through an electrophilic 
attack of the RuIII-O• complex as the active species to the aromatic rings. The conversion of a catalytic OBC 
reaction using m-xylene sulfonate (mXS) as a non-volatile substrate was calculated to be 84%, and the 
mXS-based yields of formic and acetic acids, and carbon dioxide were calculated to be 77, 151, and 211%, 
respectively. To consider the product ratio, one 
mXS molecule is assumed to afford one formic 
acid, two acetic acids, and three CO2 molecules. In 
the kinetic analysis on the OBC reaction using 
mXS as a substrate, the initial rate (v0) for the 
acetic acid formation exhibited saturation behavior 
on the mXS concentration, and the dependence 
was analyzed on the basis of the Michaelis-Menten 
equation. Consequently, the Michaelis constant, 
Km, and the Vmax value were determined to be 1.4 
mM and 7.3 × 10–4 mM s–1, respectively. The 
dependence of the v0 value on the catalyst 
concentration afforded the catalytic rate constants 
for acetic acid formation (kcatAH) as 4.2 × 10–3 s–1. In the case of the OBC reaction using deuterated mXS 
(mXS-d3) as a substrate, the kcatAD value was determined to be 4.1 × 10–3 s–1. Therefore, the KIE was 
calculated to be 1.0, indicating that HAT from C-H bonds of the aromatic rings by the RuIII-O• complex is 
not involved in the rate-limiting step of the OBC reactions. Furthermore, this catalytic OBC reaction did not 
afford phenol as a product, whereas muconic acid and 1,4-benzoquionne were observed in the reaction 
 
Figure 6. Catalytic OBC reaction by 6 in D2O. 
 
Figure 7. A proposed mechanism of the catalytic 
OBC reaction reported in Chapter 4. 
mixture by spectroscopic methods. Based on the product analysis and the kinetic studies mentioned above, a 
plausible mechanism of the OBC reaction is proposed as shown in Figure 7. 
Chapter 5. Catalytic oxidative cracking of halogenated benzene derivatives by a PdII-NHC complex in 
water[5] 
A Pd(II)-NHC-aqua complex (9; 
Figure 8) was synthesized and 
characterized by several spectroscopic 
analyses. Catalytic OBC reactions were 
conducted under similar conditions 
mentioned in Chapter 4 (Figure 8). In 
this catalytic OBC reactions, Oxone® 
was used as a cheaper sacrificial oxidant 
in place of CAN. Benzene was catalytically oxidized to afford formic acid and CO2; however, in sharp 
contrast to the case of 6, o-dichlorobenzene was more effectively oxidized than benzene to afford formic 
acid at ambient temperature (Figure 8). To further investigate the reactivity toward halogenated benzene 
derivatives, o-dihalogenated benzenesulfonates were used as substrates and the initial rates of the OBC 
reactions were determined. The order of the initial rates were as follows: chloro- > bromo- > fluoro-benzene 
derivatives. The order does not match to that of the bond dissociation energies of the C-X bonds. In addition, 
phenyl triflate was not effectively oxidized in this catalytic system, indicating that the catalytic OBC reaction 
did not proceed through C-X bond activation. In the catalytic cracking of o-diflurorobenzene sulfonate, a 19F 
NMR signal derived from the F– ion was observed at –165 ppm in D2O, indicating that the elimination of a 
halide ion occurred from the benzene ring of the substrate. The investigation of the electronic substituent 
effect on the OBC reaction revealed that introduction of electron-donating substituents such as methyl 
groups enhanced the OBC reaction. This result implies that the reactive species, generated from a reaction of 
9 with Oxone®, is also electrophilic as found for RuIII-O• species. 
Conclusion 
The NHC ligands, having strong σ-donating ability, lower the redox potentials of a ruthenium center, 
affording the stabilization of the high-valent state. In addition, the strong trans influences of an NHC ligand 
stabilizes the RuIII-O• electronic state, which is electronically equivalent to the corresponding RuIV=O 
species. The RuIII-O• complex shows a strong radical character in C-H oxidation of benzaldehyde derivatives, 
in sharp contrast to RuIV=O complexes. Such unique oxidizing ability of RuIII-O• species enables catalytic 
oxidation of benzene derivatives at ambient temperature to afford carboxylic acids such as formic acid as 
products. Also, halogenated benzenes, which even RuIII-O• did not oxidize due to its electrophilicity, were 
successfully oxidized into formic acid by a Pd-NHC catalyst with a cheaper sacrificial oxidant under mild 
conditions in water. 
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Figure 8. Catalytic OBC reactions of chlorinated benzenes by 
9 in D2O. 
